ADDITIONAL INDEX WORDS. nitrogen, potassium, Cocos nucifera, chilling injury SUMMARY. Coconut palms (Cocos nucifera) in a field planting that were fertilized with a 8N-0.9P-10K-4Mg fertilizer four times per year or were never fertilized experienced chilling injury (CI) temperatures in 2008, 2009, and 2010. Fertilized coconut palms had significantly less foliar necrosis in each year than unfertilized palms and also retained more of their fruits. The number of leaves supported by each palm, a measure of potassium (K) deficiency severity, was improved by fertilization and was negatively correlated with percentage of necrosis of the foliage caused by cold temperatures. Nitrogen and K concentrations in leaf 1 of coconut palms were also negatively correlated with CI severity.
T he relationship between fertilization and cold tolerance of plants is a confusing one. Plant nutrition involves a number of different elements, each of which may affect a plant's cold tolerance in a different manner. Most studies on fertility effects on cold tolerance have concentrated on nitrogen (N), which can have positive (DeHayes et al., 1989; Proebesting, 1961; Smith and Cotton, 1985) , negative (Kelley, 1972) , or no (Pellett, 1969 (Pellett, , 1973 Smiley and Shirazi, 2003) influence on cold tolerance. Similarly, potassium has been shown to have positive (Webster and Ebdon, 2005) , negative (Beattie and Flint, 1973), or no (Cook and Duff, 1976; Kelley, 1972) influence on the cold tolerance of plants. Potassium is thought to have positive effects on plants subjected to diseases and other physiological stresses, but there are relatively few published papers documenting these effects of this element in palms (Turner, 1981; von Uexkull, 1982 von Uexkull, , 1991 and none relating to cold damage in palms.
Cold injury is a recurring problem in palms grown in climates cooler than those to which they are adapted. Strictly tropical species such as coconut palm often exhibit symptoms of foliar or even trunk injury in response to temperatures below 40°F, especially if the plants have not been acclimated to cool temperatures.
Potassium deficiency is the most common nutrient deficiency in palms grown within the United States, especially in the in the gulf and Atlantic coastal plain soils of the southeastern United States. Potassium deficiency can cause premature leaf senescence and limits the number of leaves that a palm will retain within its canopy (Broschat, 2010) . Visible symptoms vary among species, but typically include translucent yellow-orange and/ or necrotic spotting on the oldest leaves. As the deficiency becomes more severe, leaflet tip necrosis becomes the predominant symptom (Broschat, 1990 (Broschat, , 2010 . Because K is a mobile element within palms, symptoms are most severe on the oldest leaves and toward the tips of those leaves. This symptom distribution pattern helps to differentiate between K deficiency and chilling injury (CI) symptoms because CI causes leaflet necrosis uniformly throughout the entire length of the leaf blade. CI may also affect mid-to lower canopy leaves equally, and, in more severe cases, affects all but the youngest leaf or two in the canopy. Freezing temperatures will damage the leaflets on these leaves as well, and, in severe freezes, petiole, rachis, and spear leaf (the newly emerging unexpanded leaf), and ultimately, meristematic tissue will also become necrotic in palms. The purpose of this study was to determine the relationship between fertility and cold tolerance in coconut palm.
Materials and methods
A plot of malayan dwarf coconut palms about 6 to 10 m in overall height planted in the mid-1980s was used to study the effects of fertilization on canopy size beginning in July 2006. Before that time, no fertilizers had ever been applied to any of the trees. This plot was located in Davie, FL (lat. 26°5#1.11$N, long. 80°14#36.44$W). The soil was a Margate fine sand soil with an average pH of 6.1 and a cation exchange capacity of 7.5 meq/100 g. The palms were spaced 20 ft apart in rows 20 ft apart. Due to the extensive spread and overlap of the root systems of these palms, a split plot design was used, with a 100-ft-wide buffer area between fertilized and unfertilized subplots. Twenty replicate palms were fertilized every 3 months by broadcasting a 8N-0.9P-10K-4Mg plus micronutrients fertilizer (Howard Fertilizer Co., Groveland, FL) at a rate of 15 lb/1000 ft 2 in 8-ft-wide bands along each side of the palm rows using a rotary spreader (C25HDS; Earthway Products, Bristol, IN). A similar block of control palms was never fertilized. None of the palms received any supplemental irrigation, but rainfall in the area averages about 60 inches per year.
The number of living leaves was counted for each palm once per year in November as a measure of K deficiency severity. Although increasing the amount of K in a palm will increase the number of leaves in the canopy, it will not eliminate visible K deficiency symptoms on the oldest leaves until the canopy size has reached its full genetic potential for each species. For this reason, the number of leaves in the canopy of a palm is a better indicator of palm K status than the severity of the visible symptoms on the oldest leaves. Other mobile elements such as N, phosphorus (P), and magnesium (Mg) could also potentially reduce the canopy size in palms, but because deficiency symptoms of these elements were never observed in the experimental palms, it is unlikely that they had any significant effect on canopy size. Similarly, because micronutrient deficiencies affect only newly developing leaves (Elliott et al., 2004; Broschat, 2010) , these deficiencies are not known to affect palm canopy leaf number. On 3 Jan. 2008, temperatures below 40°F for 6 h [minimum = 37°F (Fig. 1) ] caused CI on coconut palms. On 29 Jan. 2008, the percentage of the leaf surface area of each palm that was necrotic was estimated. On 5 Feb. 2009, temperatures that dropped below 40°F for nearly 5 h (minimum = 36°F) also caused CI, and on 12 Feb. 2009 all palms were similarly evaluated. Prolonged cold temperatures were experienced during the winter of 2009-10 with 31 h of temperatures below 40°F between 6 and 11 Jan. 10 (minimum = 36, 33, and 34°F on 6, 10, and 11 Jan., respectively). Temperature data were obtained from the Florida Automated Weather Network (University of Florida, 2010), which has a monitoring station about 300 m from the experimental plot. The percentage of necrosis of the leaf tissue due to cold temperatures was estimated on 12 Feb. 2010, and on 18 May 2010, the total number of green, necrosis-free leaves was counted for each palm. Because fruit drop in coconut palm appeared to be related to CI, the number of fruits remaining on each tree was counted in 2009 and 2010.
Samples consisting of four of the central leaflets on the youngest fully expanded leaf (leaf 1) of each palm were collected on 17 Feb. 2009 and 13 Feb. 2010 for leaf nutrient analysis. Leaves were dried at 60°C, ground, digested using a sulfuric acid-peroxide method (Wolf, 1982) , and analyzed for N using an ammonia electrode (Greenberg et al., 1992) and for K using atomic absorption spectroscopy (Wright and Stuczynski, 1996) . Data were analyzed by analysis of variance and regression analysis using SAS (version 9.1; SAS Institute, Cary, NC).
Results and discussion
The number of leaves retained in the canopies of fertilized coconut palms slowly increased from an average of 17.5 leaves in 2006 when fertilization began to 24.6 leaves in late 2009 (Table 1) . Canopy size in unfertilized coconut palms remained at about 17 leaves throughout the study period.
An average of 32.5% of the foliage of unfertilized coconut palms became necrotic following chilling temperatures in Jan. 2008 compared with 5.8% for fertilized palms (Table 1) . In 2009, 30.6% of the foliage of unfertilized coconut palms was necrotic due to chilling temperatures, while fertilized palms sustained virtually no damage. In 2010, 67.3% of the foliage became necrotic due to chilling temperatures for unfertilized palms compared with 32.5% for the fertilized palms (Table 1) . • October 2010 20 (5) We observed in 2009 that virtually all immature fruit dropped off unfertilized coconut palms within a day or two following a chilling event compared with only 1% to 2% of the immature fruit of fertilized palms. While fertilized coconut palms produced many more fruit than unfertilized palms (T.K. Broschat, personal observation), immature fruit drop was disproportionately greater for unfertilized palms. In 2010, because of the prolonged cold weather, fewer fruit were retained by fertilized palms than in the previous year (Table 1) . Larcher and Winter (1981) demonstrated that flowers and fruit were damaged at much higher temperatures than vegetative tissue in windmill palm (Trachycarpus fortunei).
Fertilized coconut palms had significantly greater N and K concentrations in their foliage than unfertilized palms in 2009 and 2010 (Table 2 ).
Regression analysis showed that CI severity was reduced as foliar N and K concentrations increased or number of leaves (a measure of K deficiency severity) increased (Fig. 2) . The N · K interactive term in these analyses was non-significant in all cases (data not shown). Because N and K, as well as P, Mg, manganese (Mn), iron (Fe), zinc (Zn), copper (Cu), and boron (B) were applied to the fertilized coconut palms, it was not possible in this study to determine which of these elements was responsible for the observed response.
In all years, necrosis was most severe in the oldest leaves of the canopy and was least so in the youngest leaves of coconut palm. Larcher and Winter (1981) showed that immature leaves of windmill palm tolerated temperatures up to 4°C lower than mature leaves on the same palm. The distribution of CI symptoms within the canopy corresponds to those of N and K concentrations within the foliage of coconut palms. Broschat (1997) showed that foliar N concentrations decreased by 26% from leaf 1 (youngest fully expanded leaf) to leaf 13 (the oldest leaf on unfertilized coconut palms) while K concentrations dropped by 64% within those same leaves. Because K plays a role in osmotic regulation within plant cells (Mengel and Kirkby, 1979) , increasing K concentrations within the foliage of coconut palms may enhance plant cold tolerance.
In conclusion, fertilization significantly improved cold tolerance of coconut palms. However, further research will be needed to determine which element(s) was responsible for this increase in cold tolerance. 
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